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Preferential anity of alium ions to harged phosphatidi-aid surfae from a mixed
alium/barium solution: X-ray reetivity and uoresene studies
Wei Bu, Kevin Flores, Jaob Pleasants, and David Vaknin
∗
Ames Laboratory, and Department of Physis and Astronomy, Iowa State University, Ames, Iowa 50011, USA
(Dated: Otober 29, 2018)
X-ray reetivity and uoresene near total reetion experiments were performed to examine
the anities of divalent ions (Ca
2+
and Ba
2+
) from aqueous solution to a harged phosphatidi-
aid (PA) surfae. A phospholipid (1,2-Dimyristoyl-sn-Glyero-3-Phosphate, DMPA), spread as
a monolayer at the air/water interfae, was used to form and ontrol the harge density at the
interfae. We nd that for solutions of the pure salts (i.e., CaCl2 and BaCl2), the number of
bound ions per DMPA at the interfae is saturated at onentrations that exeed 10
−3
M. For a 1:1
Ca
2+/Ba2+ mixed solutions, we nd that the bound Ca2+/Ba2+ ratio at the interfae is 4:1. If the
only property determining harge aumulation near PA were the ioni harges, the onentration
of mixed Ca
2+/Ba2+ at the interfae would equal that of the bulk. Our results show a lear spei
anity of PA for Ca ompared to Ba. We provide some disussion on this issues as well as some
impliations for biologial systems. Although our results indiate an exess of ounterion harge
with respet to the surfae harge, that is, harge inversion, the analysis of both reetivity and
uoresene do not reveal exess of o-ions (namely, Cl
−
or I
−
).
PACS numbers:
I. INTRODUCTION
Varying anities among same-harge ions to ounte-
rions are expeted and are ommonly aounted for in
hemistry. Although they are also ommon in biologial
proesses, they are less pronouned beause the strong
tendeny of the aqueous environment in biologial sys-
tems to aentuate the eletrostati interations rather
than the hemial ones. However, lose to harged inter-
faes, in hannel proteins, or at high salt onentrations,
the eletrostati desription fails at the relevant short dis-
tanes and quantum eets set in. We have undertaken
the present study to determine the preferential anity
of Ca2+ or Ba2+ to a highly harged interfae formed by
phosphatidi aid (PA) using X-ray reetivity and spe-
trosopy tehniques. While PA is a minority lipid in ell
membranes, it partiipates in numerous biologial pro-
esses that are ommonly triggered by small hanges in
Ca onentration.
1,2,3,4
Moleular dynamis simulations
have predited that PA has a partiular anity to diva-
lent ions via its oxygen atoms that may lead to harge in-
version (namely, the harge density of the bound ounte-
rion exeeds that required to neutralize the surfae harge
exerted by PA).
5
These simulations also predit that the
PA beomes doubly harged by proton release. Reent
X-ray experiments on PA monolayers have revealed that
harge aumulation of divalent ions and trivalent ions
6,7
near PA interfaes show harge inversion, i.e. aumula-
tion of harges that exeed the nominal surfae harge.
It is therefore important for both physial hemistry and
biology to understand how alium and other divalent
ions interat with PA.
∗
vakninameslab.gov
X-ray sattering tehniques to determine
ion distributions and binding to Langmuir
monolayers
6,7,8,9,10,11,12,13,14,15,16,17,18,19,20
(LM) have
been extensively used to address the long standing prob-
lem of the struture of the eletri double layer.
21,22,23,24
These inlude X-ray reetivity
10,12
and anomalous
reetivity,
6,7,16,17
whih provide the total number of
ions and the spatial ioni distributions at the harged
interfae. The near total X-ray reetion uoresene
(NTRF) tehnique monitors speially and quantita-
tively ions near the interfae
8,9,12,15,19,20
but does not
yield spatial information on the ounterion layer. The
near resonane X-ray energy sans at xed momentum
transfers an probe speially the interfaial ions
and yield their distributions as well as the f ′(E) and
f ′′(E) ne strutures18 whih, like the extended X-ray
absorption ne struture tehnique (EXAFS), gives
information on the loal environment of the probed ion.
While monovalent ion distributions do not show ap-
preiable speiity, as evidened by the fat that their
behavior are well desribed by PB theory that aounts
for proton transfer and release
21,22,23
from the harged
headgroup,
16,17,18,26
distributions for multivalent ions
show a high degree of ioni speiity.
27
The theoretial
understanding of suh ioni speiity is not fully un-
derstood. From lassial statistial mehanis, it an be
shown that Bjerrum pairing an aount for some spei-
ity related to the dierent sizes of the ions
28,29
, but the
general trends observed in many experiments suggest a
muh stronger speiity, thus requiring more omplex
quantum hemistry alulations.
Reently Shapovalov and oworkers
20
applied X-ray
uoresene studies below the ritial angle for total re-
etion to behenylsulfate monolayers that are spread on
a variety of mixed ioni solutions to determine preferen-
tial assoiation of ions to the highly harged sulfate head
2group. In their study of a 1:1 Ca2+/Ba2+ mixed solution,
they nd that Ba2+ ations have roughly 10-fold prefer-
ene over Ca2+ to assoiate with the sulfate headgroup.
Although these authors argue that this result annot be
explained by the small dierene in the hydration-sphere
radii, reent theoretial work suggests the opposite
30
.
II. EXPERIMENTAL SETUP AND METHODS
Ion bulk onentrations were prepared using solu-
tions of alium hloride and iodide (CaCl2,CaI2) and
barium hloride (BaCl2) obtained from Sigma-Aldrih.
Eah solution was mixed into ultra-pure water (Milli-
pore apparatus; resistivity 18.1 MΩm). The surfae
harge density was ontrolled by a monolayer of 1,2-
Dimyristoyl-sn-Glyero-3-Phosphate (Monosodium Salt,
DMPA; MW = 614, from Avanti Lipids, In.). Small
amounts (mili-grams) of DMPA were mixed into a 3:1
hloroform/methanol solution and spread at the surfae
of the bulk onentrations in a temperature ontrolled
Langmuir trough. The trough is plaed in a sealed an-
ister that is kept at a onstant temperature (22oC) and
is ontinuously purged with water-saturated helium gas.
10-15 minutes were allotted for solvent evaporation af-
ter whih the monolayer was ompressed at a rate of 1
Å
2
per moleule per minute to the desired pressure (the
experiments reported here were onduted at a onstant
pressure pi ≈ 25mN/m). During the monolayer ompres-
sion the surfae pressure was reorded by a miro-balane
using a lter-paper Wilhelmy plate.
6
X-ray reetivity and uoresene studies of monolay-
ers at gas/water interfaes were onduted on a home
built liquid surfae X-ray reetometer, using an Ultra-
X18 Rigaku X-ray soure generator with a opper ro-
tating anode operating at ∼ 15 kW power. Down stream
from the beam soure, the harateristi CuKα (λ = 1.54
Å) is seleted and deeted onto the liquid surfae at a
desired angle by a Ge(111) rystal. Sattered photon in-
tensities were normalized to an inident beam monitor
plaed in front of the sample. The X-ray diratometer
was used in two ongurations: reetivity and uores-
ene.
Speular X-ray reetivity experiments yield the ele-
tron density (ED) prole aross the interfae, and an
be related to moleular arrangements in the lm.
31,32,33
The reetivity for a LM at Qz is alulated by
R(Qz) = R0(Qz)e
−Q2
z
σ2 , (1)
where R0(Qz) is the reetivity due to an ED prole
omposed of step funtions, alulated by the reursive
dynamial method,
34
and σ is an eetive surfae rough-
ness, whih has a weakQz dependene aording to apil-
lary wave theory applied to X-ray reetivity studies.
35,36
In our reetivity measurements, we use variable slit on-
ditions that roughly keep the inident beam footprint
onstant on the liquid surfae and also adjust the dete-
tor slit aordingly. This inreases the angular aep-
tane of the detetor with Qz, whih makes the depen-
dene of σ on Qz large enough to require a orretion.
To a rst order approximation, we orret for that by
assuming σ2 = a+ bQz, where a and b are two tting pa-
rameters. Other variable parameters used to onstrut
the ED aross the interfae inlude the thiknesses of the
slabs (di) and their orresponding eletron densities (ρi)
(for details on the denitions of parameters see Ref. 17).
The minimum number of slabs is the one for whih the
addition of another slab does not improve the quality of
the t, i.e. χ2, signiantly.
To ollet the uoresene signal from the monolayer-
ounterion system, we use an energy dispersive dete-
tor (X-PIPS Detetor; model SXP8, with a Multiport
II multihannel analyzer both from Canberra Industries
In.). The penil-like tip of the detetor is lowered to the
surfae in an aluminum well in front of a thin Kapton
window loated about ∼ 2 m above the liquid surfae
for uoresene measurements (the uoresene-setup is
under the same onditions as for reetivity, namely, the
anister holding the trough is sealed and is purged with
water saturated helium). The major advantage of the
uoresene tehnique is that it an distinguish between
dierent elements by their harateristi emission lines.
In the present study due to the low-yielded signal, the
uoresene signal is distinguished and displayed over
two regions orresponding to two regions of the inident
beam angles: below the ritial angle for total reetion
(Qc ∼ 0.022 Å
−1
with little variation due to salt in the
solutions), whih is highly sensitive to elements at the
surfae, and above the ritial angle, whih is sensitive
to elements in the bulk and surfae of the solution. Below
the ritial angle, the evanesent X-ray waves penetrate
to 60−80 Å from the surfae, whih makes the bulk on-
tribution to the uoresene intensity almost negligible
at onentrations smaller than 10−3 M.
III. EXPERIMENTAL RESULTS
A. Isotherms
Figure 1 shows surfae pressure versus moleular area
isotherms for three dierent salt solutions (as indiated)
at onentrations of 10−3M with DMPA and pure wa-
ter with DMPA. The isotherm of DMPA on pure water
laks any distint phase transitions with a smooth in-
rease with ompression. For DMPA spread on salt so-
lutions, two slopes assoiated with rystalline tilted and
untilted phases of the hydroarbon hains with respet
to the surfae normal an be learly identied. As the
monolayer is ompressed, it reahes the untilted stage
(pi ≈ 13 mN/m) at the suiently low moleular area
of ∼ 40 Å2 per moleule. The isotherms of DMPA on
3Pure water
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Figure 1: Surfae-pressure versus moleular area (pi − A)
isotherms of DMPA spread on water and dilute solutions,
10
−3
M CaCl2, BaCl2, and a mixture solution (5 × 10
−4
M
CaCl2 + 5× 10
−4
M BaCl2). Although the isotherms on salts
solution are dierent than that of water they are hardly dis-
tinguishable with no spei features that an be assoiated
with the dierent ions.
the dierent salt solutions vary just slightly, exhibiting
little or no spei features to the dierent ions in the
solutions. All uoresene and reetivity measurements
were onduted in the untilted rystalline stage (pi ∼ 25
mN/m).
B. X-ray Reetivity
Normalized reetivity data (R/RF , where RF is the
alulated reetivity of pure water with an ideally at
interfae; σ = 0) of DMPA monolayers spread on 10−3M
solutions and on pure water are shown in Fig. 2. It is
evident from Fig. 2a that the overall reetivities for the
samples prepared on salt solutions are signiantly higher
than that of the pure water data. This is a qualitative
evidene that the ions (Ba2+ and/or Ca2+) are aumu-
lating at the surfae. Also, there is a visible shift in the
minima of the reetivities to a smaller Qz for the solu-
tions ompared to water reetivity, indiating a thiker
layer due to the assoiation of the ions at the headgroup
region.
The normalized reetivity data were t (solid lines
Fig. 2a and b) to a two slab model, one assoiated with
the hydroarbon hains of DMPA lose to the vapor,
and the other, ontiguous to the bulk solution, assoi-
ated with the phosphatidi-aid headgroup and bound
ions and water moleules. The tting parameters for the
reetivity data are listed in Table I. Using these pa-
rameters the eletron density proles for eah solution
and for pure water are obtained and plotted in Fig. 2.
It is interesting to note that the eletron densities for
divalent ion sub-phase are, within experimental uner-
tainties, idential. Qualitatively, this surprising result
indiates there must be more alium ions per DMPA
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Figure 2: (a) Normalized reetivity data (R/RF ) versus mo-
mentum transfer Qz for eah of the dilute solutions (as indi-
ated) and on water with DMPA on a linear sale. (b) The
same data on a logarithmi sale (urves and data are shifted
by a deade eah for larity). () Eletron density proles
used to alulate the best ts shown by solid lines in (a) and
(b). The eletron densities are generated with the parameters
listed in Table I.
than barium ions as the two ions, Ba2+ and Ca2+, have
very dierent numbers of eletrons, 18 and 54, respe-
tively. The phosphatidi-aid headgroup on pure water
has a smaller thikness and smaller eletron density than
those obtained for the salt solutions, as expeted sine it
does not have an eletron-rih ion layer as with the salt
solutions.
From the strutural parameters in Table I, one an de-
rive the number of ions per DMPA moleule at the surfae
by applying volume onstraints and assuming the o-ions
(e.g., Cl−) do not penetrate into the headgroup region (as
4sample pure water 10
−3
M CaCl2 10
−3
M BaCl2 mixture
dhead 5.4
+5.8
−0.9
9.2
+1.6
−3.4
7.1
+4.9
−1.5
9.9
+1.1
−4.1
ρhead 0.53
+0.22
−0.1
0.55
+0.1
−0.05
0.63
+0.06
−0.17
0.55
+0.12
−0.03
dchain 17.2
+0.5
−3.2
16.3
+1.7
−0.8
17.5
+1.0
−2.5
16.0
+2.0
−0.6
ρchain 0.33
+0.01
−0.03
0.33
+0.01
−0.02
0.32
+0.01
−0.02
0.33
+0.01
−0.02
σ at 0.3 Å−1 3.6+0.4
−0.8
3.4+0.3
−0.4
3.8+0.1
−1.1
3.3+0.4
−0.3
# of ions N/A 2.2
+0.1
−0.6
0.9
+0.1
−0.6
N/A
# of water 1.5
+9.4
−1.3
6.8
+2.4
−5.6
3.7
+6.4
−3.0
N/A
Table I: Parameters used to t the reetivity data as well
as the derived number of ions and water moleules at the
interfae. Unertainties are obtained by xing a parameter at
values away from the optimum and readjusting all of the other
parameters to a new minimum until χ2 inreases by 25%, and
by imposing limiting values on some of the parameters to keep
them within physial range; for instane, the eletron density
of the hydroarbon hains was kept within 0.32 ±0.03.
shown below). We use the following equations to solve
for the number of water moleules (nw) and the num-
ber of ions (ni) per phosphatidi aid in the headgroup
slab.
37
Adh = Vh + nwVw + niVi (2)
Adhρh = Nh + nwNw + niNi, (3)
where A is the moleular area obtained from the isotherm
and diration data,
6,31,37 dh and ρh are the thikness
and eletron density of the head group, respetively,
Ni is the number of eletrons per moleule (for wa-
ter moleule Nw = 10, and for Ca
2+
and Ba2+ 18
and 54 eletrons, respetively). The moleular area
an be onrmed self onsistently by the eletron den-
sity of the hydroarbon hains ρchain from the relation
A = Nchain/(dchainρchain). The volume of the phospha-
tidi headgroup, Vh, is obtained by the relations above,
eqs. 2 and 3, using the the eletron density prole pa-
rameters for DMPA spread on pure water. The preise
position that parses the moleule into the hydroarbon
hain ompartment and the headgroup region inuenes
just slightly the derived parameters, and this hange is
aounted for in the unertainties of the parameters given
in Table I. As seen in the table and as expeted by the
eletron-density proles, the number of Ca2+ and the
number of Ba2+ ions per DMPA is not the same but
rather seems to favor Ca2+ by a ∼ 2 : 1 ratio for the
unmixed salt solutions.
C. Fluoresene
Fluoresene sans were performed on all the solutions
with and without DMPA, and the bakground data was
obtained from a pure water sample without DMPA and
subtrated from all data to remove eletroni and stray
signals from the trough. The data from the uoresene
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Figure 3: (a) Fluoresene signals below the ritial angle
for 10
−3
M BaCl2 of the solution only and the same solution
with the DMPA monolayer as indiated. (b) Fluoresene
data above the ritial angle from the same two samples. The
signals above and below the ritial angle were integrated over
a Qz range as indiated in the gures.
were then integrated over Qz ranges to improve signal
to noise ratio as desribed above. Figure 3 shows uo-
resene data below (a) and above (b) the ritial angle
for 10−3M BaCl2 with and without DMPA, respetively.
The intensity was integrated over the range shown in the
gures. As shown in Fig. 3(a) (below the ritial angle),
without a monolayer the evanesent X-ray beam does not
penetrate far enough into the bulk to generate any visible
uoresene intensity. However, with the DMPA mono-
layer on, the Lα (4.46 keV) and Lβ1 (4.8 keV) emission
lines for Ba2+ are learly visible, whih indiates that
the onentration of ions at the interfae is muh larger
ompared to that of the bulk onentration. In Fig. 3(b),
emission lines an be seen in both the solution without
and with DMPA. However, the solution with the mono-
layer has an enhanement for eah emission line as the
ions at the surfae ontribute signiantly to the overall
intensity. The dierene in the intensities of the two data
sets in Fig. 3(b) quanties the ontribution of the ions at
the surfae. Spetra of Kα ≈ 3.7 keV and Kβ ≈ 4.03
keV emission lines for the CaCl2 solution (not shown)
essentially show similar trends. Figure 4 shows that
the emission lines below the ritial angle (ontributed
primarily by surfae) are pratially idential at 10−3M
and 10−2M BaCl2, indiating that the monolayer is satu-
rated with ions for onentrations stronger than 10−3M.
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Figure 4: Integrated uoresene signals below the ritial
angle for solutions of 10
−2
M and 10
−3
M BaCl2 showing the
binding of ions reahes saturation for onentrations . 10−3
M.
CaCl2 and the mixture solutions display similar binding
phenomena at these onentrations.
To get more quantitative results we dene a standard
ratio as the ratio of uoresene signals for spei emis-
sion lines from two dierent elements in equal quantities
in the bulk solution (e.g., Ca2+/Ba2+). From Fig. 5(a),
pure solutions without DMPA, we establish a "standard
ratio" (by omparing the peak intensities of Ba2+ Lα and
Ca2+ Kα) of the emission lines generated by equal on-
entrations of Ba2+ and Ca2+ ions at ∼ 6 : 1 in favor
of Ba2+. Comparing the ratio between the same peak
intensities provides the relative population of eah ion at
the interfae. From Fig. 5(b) we nd the Ba2+/Ca2+
ratio of the pure solutions redues to ∼ 3 : 1 and for the
mixed solution the ratio is even lower ∼ 1.5 : 1. This
shows that Ca2+ in unmixed solution populates the PA
interfae twie as muh as the Ba2+ does, onsistent with
X-ray reetivity results. In the Ba/Ca 1:1 mixed solu-
tions alium ions are more likely to assoiate with the
PA at the interfae by a ratio of ∼ 4 : 1 over Ba2+.
IV. DISCUSSION AND CONCLUSIONS
The objetive of this study has been to explore the
binding speiity of divalent ions in solutions to a phos-
phatidi aid harged surfae and in partiular, to deter-
mine whih of the two Ba2+ or Ca2+ is more favorable to
binding to the DMPA monolayer. Our results show that,
in a 1:1 mixed solution, Ca2+ is favored over Ba2+ by
almost a 4:1 ratio. This is strikingly dierent from the
results of Shapovalov and oworkers
20
who found that
Ba2+ outnumbers Ca2+ by a 10:1 in binding to a be-
henylsulfate monolayer. Clearly, the only possible origin
of suh a disrepany is a strong speiity of ioni and
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Figure 5: (a) Integrated uoresene signals above the ritial
angle showing the relative intensities of Ba and Ca emission
lines from the solutions only at 10
−2
M (no monolayer). This
data is used to alibrate the relative intensities from the same
number of Ba and Ca ions. (b) Integrated uoresene sig-
nals below the ritial angle for DMPA monolayers spread on
BaCl2, CaCl2 and 1:1 mixture at a nominal 10
−2
M. This
indiates the amount of bound Ba
2+
to PA is signiantly
smaller than that of Ca
2+
for DMPA on the mixture.
headgroup interations, and annot be quantitatively a-
ounted for by theories based on lassial eletrostati in-
terations, even if the ioni size is properly aounted for.
Furthermore, our nding that Ca2+ binds more strongly
than Ba2+ an only be understood if the ion dehydrates
upon binding. Quantitative theoretial aount for these
eets remains an outstanding theoretial problem.
Our results also imply harge inversion at the surfae in
partiular, for the CaCl2 and CaI2 solutions, as shown be-
low. This happens when the harge density of the oun-
terions exeeds the surfae harge density exerted by the
phosphatidi monolayer. Our analysis shows there there
is one Ba2+ per DMPA moleule, whih is just enough
to neutralize the surfae harges (doubly harged phos-
phatidi aid), whereas there is more than one Ca2+ ion
per DMPA moleule at the surfae. This suggests harge
inversion, from negatively harged to positively harged
interfae. In the uoresene experiments above, we did
not detet strong emission signals from Cl− to suggest
that there exists an aumulation of the o-ion (Cl
−
) at
the interfae due to harge inversion. To further explore
if the anions are rising to the harge-inverted surfae, we
performed another experiment using 10−2 M CaI2 solu-
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Figure 6: (a) Fluoresene signals from the surfae of CaI2
(10
−2
M) solution only, and the same solution with the DMPA
monolayer on. At this relatively high onentration the signal
from iodine is learly seen before spreading the monolayer
whereas the signal form alium is very weak to detet. With
the DMPA monolayer on, the Ca signal is enhaned whereas
the signal from the iodine slightly weakens. This shows there
is no enrihment of the iodine o-ion at the interfae due to
possible harge-inversion. (b) The eletron density proles for
lms of DMPA spread on 10
−2
M CaI2 and 10
−2
M CaCl2
solutions. This shows the amount of I
−
is negligible at the
interfae although the number of Ca
2+
ions exeeds those
neessary to neutralize the phosphatidi-aid.
tion with DMPA as a monolayer to improve the uores-
ent signal from the o-ion, in this ase from I−. Figure
6(a) shows spetra below the ritial angle, indiating
surfae enrihment of Ca2+ but no signiant dierene
in the emission lines of I− before and after the spreading
of DMPA. We have also measured the reetivity from
the same DMPA monolayer on CaI2 solution to detet
any hanges in the eletron density near the headgroup
region ompared to that of DMPA on CaCl2 solution,
that may indiate the aumulation of I− at the inter-
fae. Figure 6(b) shows the ED proles of the lms on
both solutions (CaCl2 or CaI2) are pratially the same.
We therefore onlude that if there are o-ions (iodine or
hlorine ions) at the surfae due to harge inversion, their
onentration is below 0.1 iodine ion per PA moleule a-
ording to our detetion sensitivity, or that the Ca2+ ions
migrate to the surfae partially as CaOH+.
To summarize, in numerous physiologial studies suh
as those of the 'Ca reeptor' in preganglioni nerve ter-
minals (interating primarily with aetyl-holine) it has
found that Ba2+ ions, do not appear to ompete with
Ca2+ for the reeptor38. This is onsistent with our stud-
ies that show stronger anity of Ca over Ba to negatively
harged PA interfae. Systemati studies of model sys-
tems using spetrosopi X-ray tehniques that are ion
spei open the door to unraveling the mehanism of
this and related physiologial phenomena.
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